Abstract-Connexin43 (Cx43), the predominant ventricular gap junction protein, is critical for maintaining normal cardiac electrical conduction, and its absence in the mouse heart results in sudden arrhythmic death. The mechanisms linking reduced Cx43 abundance in the heart and inducibility of malignant ventricular arrhythmias have yet to be established. In this report, we investigate arrhythmic susceptibility in a murine model genetically engineered to express progressively decreasing levels of Cx43. Progressively older cardiac-restricted Cx43 conditional knockout (CKO) mice were selectively bred to produce a heart-specific Cx43-deficient subline ("O-CKO" mice) in which the loss of Cx43 in the heart occurs more gradually. O-CKO mice lived significantly longer than the initial series of CKO mice but still died suddenly and prematurely. At 25 days of age, cardiac Cx43 protein levels decreased to 59% of control values (PϽ0.01), but conduction velocity was not significantly decreased and no O-CKO mice were inducible into sustained ventricular tachyarrhythmias. By 45 days of age, cardiac Cx43 abundance had decreased in a heterogeneous fashion to 18% of control levels, conduction velocity had slowed to half of that observed in control hearts, and 80% of O-CKO mice were inducible into lethal tachyarrhythmias. Enhanced susceptibility to induced arrhythmias was not associated with altered invasive hemodynamic measurements or changes in ventricular effective refractory period. Thus, moderately severe reductions in Cx43 abundance are associated with slowing of impulse propagation and a dramatic increase in the susceptibility to inducible ventricular arrhythmias. 
V entricular tachyarrhythmias are a frequent cause of sudden cardiac death in ischemic and nonischemic heart disease. Despite intense investigation, molecular mechanisms underlying the propensity of diseased myocardium to initiate and propagate lethal arrhythmias are incompletely understood. In recent years, a number of genetically engineered murine models have been developed to explore the pathophysiology of arrhythmogenesis. Although many such mice display increases in the frequency of spontaneous or inducible ventricular ectopy, in almost all cases this activity is self-limited and has not been shown to be the proximate cause of death. [1] [2] [3] [4] Several other mutant mouse models are able to support sustained ventricular arrhythmias, but these require provocative stimuli, such as anesthesia or exercise with administration of adrenergic agents. [5] [6] [7] [8] To date, only the heartspecific connexin43 (Cx43) conditional knockout (CKO) mouse has been shown to die prematurely from spontaneous sustained ventricular tachyarrhythmias. 9 Because of the arrhythmic propensity of the Cx43 CKO mouse and the ease of inducible sustained arrhythmias, 10 it has served as an ideal model for the study of basic mechanisms of arrhythmia.
In myopathic hearts, abnormal expression of Cx43 (gap junction remodeling) may contribute directly to the arrhythmic substrate. [11] [12] [13] [14] [15] [16] [17] Perhaps the most striking example of this relationship is in the infarct border zone, where gap junction remodeling is associated with slowed conduction and formation of a substrate for reentrant arrhythmias. 18 -21 However, the severity of gap junction remodeling, in terms of the extent of connexin mislocalization away from the intercalated disc as well as the overall diminution of expression, can be highly variable. Thus, it remains uncertain how Cx43 expression in the heart relates to the likelihood of arrhythmogenesis. Accordingly, to explore this question, we studied impulse propagation and arrhythmia inducibility in a genetically engineered line of mice ("O-CKO" mice) in which cardiac Cx43 expression decreases progressively throughout the ventricular myocardium during postnatal stages.
Materials and Methods

Generation of the O-CKO Line
Progressively older Cx43 CKO mice were intercrossed for ten generations, resulting in a subline of cardiac-specific Cx43 CKO mice with reproducibly prolonged survival. This resulting substrain ("O-CKO" mice) was then used for all experiments reported in this study. All experiments were performed in accordance with the regulations of the Institutional Animal Care and Use Committees of the New York 
Results
Delayed Sudden Death in Cx43 O-CKO Mice
To determine whether ventricular expression of Cx43 was related to inducibility of ventricular tachyarrhythmias in the Cx43 CKO mice, animals with cardiac restricted inactivation of the Cx43 gene were selectively bred to generate a line of CKO mice with a longer lifespan (O-CKO mice) than the previously described F1 generation of Cx43 CKO mice. 9 We predicted that by selectively breeding progressively older CKO mice for several generations, we could produce a line with a more gradual loss of Cx43 in the heart that would allow us to more quantitatively study the relationship between loss of Cx43 and inducibility into ventricular arrhythmias.
After ten generations of selective inbreeding, we generated the O-CKO line, which survived for nearly twice as long as our initial series of CKO mice. Although mice in the initial F1 CKO series had an abrupt drop-off in survival with a mean lifespan of 43.9Ϯ2.4 days (nϭ15), the mean lifespan of O-CKO mice was increased to 81.4Ϯ3.3 days (nϭ190, PϽ0.0001; Figure 1A ). Although longevity was prolonged in the O-CKO mice compared with the original F1 generation of Cx43 CKO mice, they nonetheless died prematurely in comparison to control (Cre Figure 1B) . In contrast to the Cx43-deficient mice, unexplained death was rare in the control littermates. Of 326 control mice monitored during the course of the F1 CKO and O-CKO studies, as well as intervening generations, only 14 (4.3%) died unexpectedly over the first year of life.
Despite their uniform incidence of sudden death, the O-CKO mice were indistinguishable from littermate controls. There were no signs of distress or obvious behavioral difference in the O-CKO mice compared with the controls. No significant differences in body weight, heart weight, or heart weight/body weight ratio were detected in O-CKO mice at 25, 35, or 45 days when compared with age-matched controls.
Loss of Cx43 Is Delayed in the O-CKO Mice
In the O-CKO mice, we surmised that Cre-dependent inactivation of the Cx43 gene was delayed compared with the initial series of CKO mice. 9 To investigate this possibility, we collected total ventricular lysates from O-CKO and control mice at 25 significantly reduced (PϽ0.01). In contrast to the O-CKO line, Cx43 protein in the F1 CKO mice was reduced to a much lower level at an earlier time point. Cx43 was reduced to 5% of control values by 28 days of age in the F1 generation of Cx43 CKO mice. 9 These data suggest that the conditional knockout of Cx43 in the O-CKO mouse heart is temporally delayed compared with the F1 CKO mice. In keeping with previous findings from the F1 generation of Cx43 CKO mice, Cx40 expression was unchanged in the O-CKO ventricular lysates at 45 days of age compared with controls ( Figure 2C Both the number of immunofluorescent clusters and the percent area they occupy declined with time in the control mice, likely reflecting consolidation of Cx43 expression at the intercalated discs over the time points assessed. 22, 23 In the O-CKO hearts, Cx43 immunofluorescence-positive clusters ( Figure 4A ) and their percent area ( Figure 4C ) were both significantly decreased compared with controls at all time points. Moreover, these parameters declined at a significantly more accelerated rate in the O-CKO hearts when compared with controls. From 25 to 45 days, immunofluorescent clusters in the O-CKO hearts decreased from 67% of control to 34% ( Figure 4B ) and percent area from 59% to 30% ( Figure 4D ; PϽ0.01 for the change in both parameters). There was no significant change in the average area or mean fluorescence of the immunofluorescent clusters of O-CKO hearts compared with controls. These data indicate that the size and Cx43 content of individual gap junction plaques in the O-CKO hearts were no different than in controls-rather, there simply were progressively fewer plaques as the mice aged.
For the assessment of heterogeneity of Cx43 expression, coefficients of variance of Cx43-positive percent area were calculated from 700-mϫ500-m images taken from O-CKO and control hearts at each time point. There was no significant difference in mean coefficient of variance between the two Figure 3G , 3H, and 3I).
Decreased Cx43 Content Is Associated With Increased Inducibility Into Sustained Arrhythmias
Baseline electrocardiographic parameters were obtained and programmed electrical stimulation (PES) was performed to determine the effects of progressive loss of Cx43 expression on in vivo electrophysiology and arrhythmic susceptibility. Baseline heart rates of anesthetized O-CKO and control animals were no different at any of the time points tested. There also were no significant differences in the P wave amplitude, P wave duration, or PR interval between O-CKO and matched control mice at any of the time points (Table) . A modest increase in QRS duration was detected only at 25 days in the O-CKO mice (Pϭ0.03). At 35 and 45 days of age, however, there was no significant difference in the QRS duration between the O-CKO and littermate controls. Interestingly, the QRS amplitude showed an age-dependent decrease in the O-CKO mice, which closely paralleled the loss of Cx43 expression ( Figure 5 ). This finding was not associated with pericardial effusion, anasarca, or gross ventricular dilatation.
For PES studies, hearts were paced in situ using a novel subdiaphragmatic approach that we have recently developed. 10 Unlike other experimental approaches to invasive electrophysiological studies, this procedure does not result in high mortality. In this study, aside from those mice that were induced into lethal arrhythmias, none of the animals died during the procedure.
After a peritoneal incision was made, the stimulating electrode was inserted until contact was made with the epicardial surface of the apex of the heart. A train of 8 stimuli was delivered at pacing cycle lengths of 120, 100, and 80 ms with single extrastimuli added at progressively shorter intervals to determine the ventricular effective refractory period (VERP). There were no significant differences in VERP between O-CKO and control mice at 25, 35, or 45 days of age (Table S1 in the online data supplement).
After the VERP was determined in each mouse, we delivered double extrastimuli at each cycle length to assess the inducibility of ventricular tachyarrhythmias. Mice were categorized as having no ventricular tachycardia (VT), nonsustained VT (NSVT), or sustained VT ( Figure 6 ). Overall, in agreement with results of in vivo PES from other investigators, 24 NSVT was induced in one-third of the control mice (10 of 30). Sustained VT could not be induced in any of the controls (Table S2 in the online data supplement). In O-CKO mice at 25 days of age, NSVT was induced in 7 of 10 animals, although there were no episodes of sustained VT. At 35 days of age, 6 of 10 O-CKO mice developed NSVT and one mouse was induced into sustained A, Several beats of nonsustained ventricular tachycardia are induced by a single extrastimulus. S1-S1, 120 ms; S1-S2, 35 ms. B, Sustained ventricular tachycardia with a cycle length of Ϸ40 ms is induced by double extrastimuli. S1-S1, 120 ms; S1-S2, 35 ms; S2-S3, 35 ms. C, Rapid incessant ventricular tachycardia persists despite attempts at overdrive pacing. D, Within 2 minutes of induction of ventricular tachycardia, the arrhythmia degenerates into coarse ventricular fibrillation. Further analysis revealed that no O-CKO mice with Cx43 abundance in the heart Ն40% of matched control values were inducible into sustained lethal ventricular arrhythmias. Those O-CKO mice with Cx43 levels of Ͻ40% of controls were significantly more likely to be induced into sustained arrhythmias than O-CKO mice with levels Ն40% of control (Pϭ0.002). Not surprisingly, Cx43 levels in all O-CKO mice that were inducible into sustained arrhythmias (14.2Ϯ4.3% of matched control values) were significantly lower than that of O-CKO mice that were not induced into sustained VT (47.2Ϯ5.4%; Pϭ0.001; Figure 7) . None of the control mice had Cx43 levels of Յ50% of the mean control values at any age.
Comparison of Electrocardiographic Data in Control and O-CKO Mice
Loss of Cx43 Is Associated With Conduction Velocity Slowing
To assess the effect of loss of Cx43 expression on ventricular impulse propagation, we optically mapped cardiac activation patterns and calculated conduction velocity in isolated perfused O-CKO and control hearts at 25 and 45 days of age. As connexin levels decreased in the O-CKO population from 25 to 45 days, conduction velocity slowed significantly. Minimum conduction velocity (CV min ) at 25 days was 42.4Ϯ2.8 cm/s in controls and 34.0Ϯ3.7 cm/s in O-CKO hearts (Pϭ0.11; nϭ5 in each group). By 45 days, CV min in the O-CKO hearts had slowed significantly to 21.8Ϯ2.9 cm/s compared with 43.2Ϯ2.1 cm/s in controls (PϽ0.001; nϭ5 in each group). Conduction velocity at 45 days in the O-CKO hearts was significantly slowed not only in comparison to age-matched controls but also when compared with 25 day old O-CKO hearts (PϽ0.01). The patterns of excitation in the O-CKO hearts showed smooth anisotropic activation and were similar to those previously published for the F1 CKO mice. 9 
Ventricular Contractility Is Preserved Despite Loss of Cardiac Cx43 Expression
To determine whether the progressive loss of Cx43 expression in the O-CKO hearts affected the contractile properties of the ventricle, invasive hemodynamic monitoring was performed at 30 and 45 days of age. There were no differences in overall contractility as measured by dP/dT max (Table S3 in the online data supplement) at either time point in O-CKO mice compared with age-matched controls. Other invasive hemodynamic parameters were unchanged in the O-CKO mice in comparison to controls, as well. These data are in agreement with the finding of normal echocardiographic parameters in the F1 generation of Cx43 CKO mice. 9 Thus, despite the loss of Cx43 expression in the O-CKO ventricle and increasing inducibility into lethal arrhythmias, ventricular contractility in the O-CKO mice remained no different than in controls.
Discussion
In this study, we explored the relationship between cardiac Cx43 protein expression and arrhythmic susceptibility. Previous studies from our laboratory and from others have shown that widespread loss of Cx43 in the heart produces a highly arrhythmogenic substrate, with spontaneous sudden cardiac death. 9, 10, 25 Here, we used a novel model, the O-CKO mouse, in which the extent of the knockout progresses over time. By 45 days of age, Cx43 protein content in O-CKO hearts was decreased to 18% of control levels, ventricular impulse propagation was slowed to half of that observed in control hearts, and 80% of O-CKO mice were inducible into lethal tachyarrhythmias. No O-CKO mice with Cx43 levels Ն40% of matched controls were inducible into sustained arrhythmias.
What accounts for the increasing susceptibility of the O-CKO mice to the induction of sustained arrhythmias as a function of time? Reentry requires the formation of wave breaks in a propagating wave front and sufficient room for the free end (wave tip) to curl and form a rotor. 26 The progressive and heterogeneous loss of Cx43 in the heart of O-CKO mice may influence both of these factors.
Previous studies have demonstrated that pharmacological uncoupling may enhance intrinsic nonuniformities in conduction. In response to external (eg, S2) or intrinsic (premature beats) stimuli, these nonuniformities may progress to the development of zones of functional block and wave breaks. 27 Moreover, the heterogeneous nature of loss of Cx43 in the O-CKO heart may exacerbate these nonuniformities. Loss of Cx43 in our conditional knockout model occurs in a binary fashion in individual cells. 28 As a result, randomly interspersed among Cx43-deficient myocytes are single cells and more complex higher-order clusters of cells that express normal levels of Cx43. Interestingly, unlike the Cx43-null chimeric mice, in which isolated macroscopic Cx43-deficient foci in an otherwise wellcoupled myocardium are associated with discrete areas of conduction delay, 29 the activation wave front is not deformed in the O-CKO hearts. Nonetheless, the microscopic cellular heterogeneity in the O-CKO hearts may result in spatial dispersion of action potential duration and conduction velocity restitution properties, potentially contributing to the arrhythmic phenotype. 30 Local heterogeneities of cellular coupling may contribute to the formation of unidirectional conduction block, 31 as Rohr et al have elegantly demonstrated in cultured partially uncoupled myocytes. 32 Inasmuch as VERP values were not significantly different in control and O-CKO mice, our data imply a progressive reduction in calculated wavelength (CV ϫ VERP) in O-CKO hearts compared with controls (6.6 mm versus 13.2 mm, respectively, at 45 days of age). Although CV values are likely to differ during ventricular tachycardia compared with ventricular pacing, the slower impulse propagation in the O-CKO hearts should allow more "room" for rotor formation, presumably contributing to their increased susceptibility to inducible ventricular tachycardia. 33 Rotor formation may be favored in heterogeneously uncoupled cardiac tissue in particular. Inexcitable obstacles with sharp edges, such as small groups of Cx43-deficient cells, may destabilize the propagation of the activation wave front, causing the formation of self-sustained vortices and turbulent cardiac electrical activity, a phenomenon known as "vortex shedding." 34 It is conceivable that compensatory changes in other connexins or secondary electrical remodeling may also play a role in the arrhythmic phenotype. 35 We found no alterations in the expression of Cx40 or Cx45 in the heart and no statistically significant changes in VERP. Additional studies of cellular electrophysiology will be necessary to address the possibility of remodeling of other sarcolemmal ion channels.
The relationship between loss of Cx43 expression in the heart and the resulting slowing of impulse propagation and inducibility is intriguing in view of results obtained in studies of Cx43 heterozygous-null mice, which express Ϸ50% of wild-type levels. 14 In the absence of secondary stimuli, Cx43 ϩ/Ϫ mice do not develop spontaneous ventricular arrhythmias, consistent with our findings here. However, in the presence of ischemia, Cx43 ϩ/Ϫ mice have an increased incidence and duration of ventricular tachyarrhythmias compared with controls. Together, these data suggest that whereas profound reductions in Cx43 expression may be sufficient to create a highly arrhythmogenic substrate, more moderate diminutions of Cx43 expression, as might be seen clinically with gap junction remodeling, may require "second hits" for arrhythmogenesis, such as ischemia, structural remodeling, changes in autonomic tone, or electrical remodeling of active membrane currents.
Conduction slowing in hearts lacking Cx43 is not surprising given the profound decreases consistently reported in gap junctional conductance between Cx43-deficient myocytes. 28, 36, 37 We previously found that junctional coupling between end-toend coupled cell pairs from adult Cx43 CKO mice was reduced to 11 nS or 2% of control values. 28 What is unexpected, however, is the relative preservation of propagation velocity in O-CKO hearts, which is slowed by only Ϸ50%. Interestingly, Kleber et al recently reported that propagation velocity in neonatal myocyte strands from germline Cx43-null neonatal myocytes was much more severely affected, Ϸ2 cm/s, leading them to propose that the presence of a residual population of Cx43-positive cells distributed throughout an otherwise weakly coupled syncytium might account for the relative preservation of conduction velocity in the CKO heart. 37 Clearly, it will be of interest to examine propagation characteristics in mixed cultures of Cx43-expressing and Cx43-deficient neonatal myocytes.
The pattern of loss of Cx43 may play an important role in the resulting effect on contractility by influencing the spatial profile of ventricular excitation and contraction. In O-CKO mice, as in other models in which reduction of Cx43 expression is widespread and diffuse, systolic function appears to be preserved. For example, transgenic mice expressing mitogen-activated protein kinase 7D (MKK-7D), an upstream activator of c-Jun N-terminal kinase (JNK), have Cx43 levels of only 10% of control littermates 38 and significantly slowed propagation velocity. 39 Systolic function remains normal in these mice, although diastolic relaxation is impaired, likely the result of increased fibronectin expression in the heart. 39 Heterozygous germline deficiency of Cx43 is associated with a decreased fractional shortening of Ͻ10%, which was only of marginal statistical significance. 40 In our previous F1 series of cardiac-specific Cx43 knockout mice, there was no significant decline in systolic function in the mutant mice at 1 month of age. 9 Curiously, the mean QRS duration of 45-day-old O-CKO mice is not widened despite significant CV slowing. QRS widening with uncoupling has been controversial in the literature. Morley et al 41 found no change in either CV min or QRS duration in heterozygous Cx43-null mice, whereas Guerrero et al 42 observed changes in both conduction velocity and QRS duration in the Cx43 ϩ/Ϫ mice. Most recently, however, Eckardt et al 43 and van Rijen et al 25 presented data on QRS duration in their Cre-ER(T)/fl (tamoxifen-inducible Cx43 knockout) model that are very similar to our O-CKO data. When CV min is reduced by Ϸ50% from wild-type levels in either the 45-day-old O-CKO or the Cre-ER(T)/fl mice, there was no significant increase in QRS duration. Only when Cre-mediated loss of Cx43 is induced in the Cx43 Cre-ER(T)/fl mice by administration of 4-hydroxytamoxifen does CV slow even more dramatically, with resulting QRS widening. 25, 43 Thus, it appears that greater degrees of CV slowing than those observed in the 45-day-old O-CKO hearts are required to result in QRS widening.
In conclusion, our studies strongly support the growing recognition that gap junction remodeling is a major contributor to the arrhythmogenic substrate in the diseased heart and suggest that uncoupling as a result of diminished Cx43 expression plays a mechanistic role in the formation of a highly arrhythmogenic substrate. These data further support exploring gap junction channels as potential anti-arrhythmic therapeutic targets.
